The extent to which a "kiss-and-run" mode of endocytosis contributes to synaptic-vesicle recycling remains controversial. The only genetic evidence for kiss-and-run at the synapse comes from mutations in the genes encoding synaptojanin and endophilin, proteins that together function to uncoat vesicles in classical clathrin-mediated endocytosis. Here we have characterized the endocytosis that persists in null alleles of Drosophila synaptojanin and endophilin. In response to high-frequency stimulation, the synaptic-vesicle pool can be reversibly depleted in these mutants. Recovery from this depletion is slow and indicates the persistence of an impaired form of classical endocytosis. Steady-state exocytosis rates reveal that endocytosis saturates in mutant neuromuscular terminals at 80 vesicles/s, 10%-20% of the wild-type rate. Analyses of quantal size, FM1-43 loading, and dynamin function further demonstrate that, even in the absence of synaptojanin or endophilin, vesicles undergo full fusion and re-formation. Therefore, no genetic evidence remains to indicate that synaptic vesicles undergo kiss-and-run.
Introduction
To maintain a functional pool of synaptic vesicles in a nerve terminal, the rate of endocytosis must balance that of exocytosis. This is particularly critical during high-frequency firing, when the vesicle pool would otherwise rapidly deplete. Indeed, synapses can sustain recycling rates of at least 1 vesicle/s per active zone in the hippocampus (Fernandez-Alfonso and and at the Drosophila neuromuscular junction (Delgado et al., 2000) . Synaptic endocytosis must also maintain vesicle size and ensure sorting of essential proteins to the vesicle even while operating at rapid rates.
The mechanisms governing synaptic endocytosis are controversial: do exocytosing vesicles fully fuse with the membrane prior to endocytosis, or do they release transmitter through a transient fusion pore in a process called "kiss-and-run"? The first of these pathways, termed "classical" or "slow" endocytosis, primarily occurs outside the active zone and involves the recovery *Correspondence: thomas.schwarz@childrens.harvard.edu of components of vesicles that had completely fused with the plasma membrane. There is overwhelming evidence from genetic, biochemical, electrophysiological, and imaging experiments to support the importance of this mechanism in synaptic-vesicle recycling, which is mechanistically akin to endocytosis in other cell types and involves recruitment of a clathrin coat and subsequent fission of the vesicle from the plasma membrane by dynamin (Brodin et The alternative kiss-and-run model envisions a simple reversal of an exocytotic event, directly at the active zone, in which the vesicle membrane never fully fuses with the plasma membrane Ryan, 2003; Schneider, 2001 ). Instead, a pore transiently forms from the vesicle lumen to the extracellular space and releases neurotransmitter. The pore then closes and the vesicle returns to the functional vesicle pool to be refilled with transmitter; no clathrin coat is formed and the protein components need not be sorted from the plasma membrane because they never had been incorporated. While classical and kiss-and-run endocytosis are not mutually exclusive mechanisms, the relative importance of each pathway and, indeed, whether kiss-and-run even occurs at synapses both remain unresolved issues.
In neurons, the role of kiss-and-run endocytosis by small clear synaptic vesicles is highly controversial. Evidence for it has depended primarily on physiological measurements because no molecules are known with an exclusive role in a kiss-and-run pathway. Phenomena that suggest the existence of a fast endocytotic pathway have been observed ( The genetic evidence for synaptic kiss-and-run rests chiefly on the recent analysis of Drosophila mutants of endophilin (endo) and synaptojanin (synj) . Synaptojanin is a polyphosphoinositide phosphatase thought to release the clathrin-adaptor complex during uncoating (Cremona et al., 1999) . Endophilin binds to both dynamin and synaptojanin (Ringstad et al., 1997) and is thought to recruit synaptojanin to sites of endocytosis to promote vesicle uncoating (Schuske et al., 2003; Verstreken et al., 2003) . Analyzing Drosophila mutants, Verstreken et al. (2002 Verstreken et al. ( , 2003 made the important observation that synaptic transmission was sustained even in the face of extended stimulation that would have exhausted the available vesicle pool had not a means for the recovery of synaptic vesicles persisted. Kiss-and-run endocytosis was therefore invoked as a mechanism to explain the persistence of transmission at the neuromuscular junction in these mutants in which classical endocytosis appeared to be abolished .
These mutants have thus figured prominently in the controversy surrounding synaptic endocytosis, but their interpretation is based on the contention that no classical endocytosis remained in the mutants to account for the persistence of synaptic transmission. Here, we examine null mutations in synaptojanin and endophilin in order to re-evaluate this conclusion and to clarify their significance for endocytosis. We find that classical endocytosis in fact persists, though in an impaired form, even in the absence of these proteins. We find no evidence of or need to invoke a kiss-and-run pathway at the Drosophila neuromuscular junction.
Results

Two mutants in synaptojanin (synj
LY and synj YN ) were independently isolated from a forward genetic screen on chromosome 2R using the EGUF-hid method and identifying defects in photoreceptor transmission (Stowers et al., 2002; Stowers and Schwarz, 1999) (see Figure  S1 in the Supplemental Data available with this article online). There is only a single synaptojanin gene in Drosophila, which predicts a protein of 1218 amino acids . We sequenced the entire synaptojanin (synj) open reading frame in each allele and found both to contain an identical C-to-T transition that creates a stop codon at the 45th amino acid, before the first phosphatase domain, and that is thus likely to be a null mutation. Both alleles failed to complement a chromosomal deficiency in this region, Df(2R)x58-7. We used the null genotype synj LY /Df(2R)x58-7 in all the experiments below. We generated a GFP-synaptojanin transgene that could rescue the late-larval lethality of this genotype when selectively expressed in the nervous system ( Figure S1 ).
Ultrastructure Reveals Depletion of Synaptic Vesicles in synaptojanin Mutants
When homozygous for either allele of synj, photoreceptors differentiated correctly and formed structurally normal synapses in the lamina. The profiles of photoreceptor terminals contained synaptic vesicles that were more clustered than in wild-type ( Figure S2 ), similar to those seen in endophilin mutant terminals (Fabian-Fine et al., 2003) . This close phenotypic similarity to endophilin provided an obvious parallel between the mutant actions of the two genes, consistent with their known biochemical roles.
To characterize the state of the synaptic-vesicle pool at the synapse at which we have studied transmission (see below), we also analyzed the neuromuscular phenotypes of synj and wild-type flies by electron microscopy (EM; Figure 1) . Overall, the mutant varicosities had significantly fewer synaptic-vesicle profiles (22% of wild-type; p < 0.01; Figures 1A, 1B, and 1E) and fewer vesicles per area of terminal cross-section (p < 0.02). These vesicles remained clustered, albeit less tightly ( Figure 1B and 1C) , and included a subpopulation of large vesicle profiles as well as the normal 30-40 nm vesicles (inset, Figure 1D ), suggesting an alteration in vesicle formation or recycling. Indeed, the mean vesicle diameters from synj (35.5 ± 0.0067 nm, mean ± SD, n = 409 vesicles) and wild-type (33.6 ± 0.005 nm, n = 314 vesicles) terminals were significantly different (p < 0.0005, Kolmogorov-Smirnov test) because of a subpopulation of large vesicles, apparent in a cumulativeprobability histogram ( Figure 1E ).
The observed reduction in the number of vesicles per terminal was expected from an endocytosis mutant. Some vesicles nevertheless remained, indicating either that an endocytotic cycle persisted or that some vesicles were inert and could not be released. We therefore turned to detailed analysis of the electrophysiology of the neuromuscular junction to clarify the nature of vesicle cycling in the mutants.
High-Frequency Stimulation Reversibly Depletes synj and endo Mutant Terminals
Despite the paucity of synaptic vesicles in the mutant terminals, normal-amplitude synaptic responses could be evoked. We stimulated the motor nerve to muscle 6 at 0.2 Hz in 0.6 mM Ca 2+ to evoke junctional potentials (EJPs) in synj mutants (12.8 ± 0.8 mV amplitude, mean ± SEM, n = 10) that were indistinguishable from controls (12.6 ± 0.6 mV, n = 6). Mutant (42.4 ± 1.4 mV, n = 21) and control (45.2 ± 1.5 mV, n = 23) EJPs were also indistinguishable in 10 mM Ca 2+ , the condition used for depletion studies below. The properties of spontaneous vesicle fusions were also surprisingly unperturbed at synj synapses. Although there was a slight but significant decrease in mEJP frequency between synj and control (1.5 ± 0.18 Hz, n = 11 and 2.2 ± 0.3 Hz, n = 12 in 10 mM Ca 2+ ; p < 0.031, Student's t test), average mEJP amplitude was unchanged (0.86 ± 0.06 mV, n = 11 and 0.80 ± 0.05 mV, n = 12). The normal quantal content of synj mutant terminals (14.9 ± 0.7 quanta in 0.6 mM Ca 2+ compared with 15.7 ± 0.7 in controls) and their nearly normal mEJP frequency indicate that at least some of the remaining vesicles observed in EM must be available and efficiently mobilized for release; it is thus unlikely that many of those detected ultrastructurally are inert and incapable of exocytosis. Moreover, this functional pool of synaptic vesicles must be maintained throughout larval development, suggesting a continuing mechanism for recycling vesicles despite the absence of synaptojanin.
In a similar electrophysiological analysis of the null allele endo ⌬4 (Verstreken et al., 2002), the only physiological difference from synj that we found was that mEJP amplitude was increased by 50% in endo mutants (1.21 ± 0.17 mV, n = 6; p < 0.006), while mEJP frequency was not significantly different from that of controls (2.07 ± 0.53 Hz, n = 6). Thus, evoked responses in endo mutants are composed of fewer, larger quantal Previous studies of synaptojanin and endophilin reported that mutant terminals could not sustain normalamplitude responses to stimulation at 10 Hz . This depletion was interpreted to reflect the full fusion of a population of synaptic vesicles with the plasma membrane with the consequence that these vesicles then become trapped at the membrane. The terminals maintained the ability to sustain transmitter release at a reduced level, which was attributed to a subset of vesicles that could undergo kissand-run fusions independently of synaptojanin or endophilin function. To examine this model, we stimulated synj and endo larvae at 10 Hz for 10 min. In wild-type terminals, EJP amplitudes initially declined rapidly (τ = 3.0 s), probably from depletion of the readily releasable pool, and then declined more slowly (τ = 360 s), to 60.2% ± 5.1% of the starting EJP amplitude (mean ± SEM, n = 7; Figures 2A and 2B). EJPs in synj mutants initially behaved similarly (τ = 1.5 s), but the second phase of depression was both more pronounced (declining to 19.9% ± 2.0% of initial amplitude) and more rapid (τ = 66 s, n = 11) than in wild-type (Figures 2A and  2B ). This depletion is somewhat more severe than that previously reported , perhaps because synj LY /Df(2R)x58-7 is a null genotype. The EJPs of endo mutants declined similarly (Figures 2A  and 2B ). The total number of quanta released during this 10 min period was w350,000 for controls, w100,000 in synj mutants, and w80,000 in endo mutants ( Figure 2D ), far greater than the total vesicle-pool size for these genotypes, as determined below ( Figure  2C ), and similar to what has been reported . Therefore, some mechanism of endocytosis must persist in these mutants to maintain this steady-state level of release.
If synj and endo mutations abolish classical endocytosis, the vesicle pool should not recover to prestimulus levels after depletion; those vesicles that had been transferred to the plasma membrane by full fusion in the early stages of stimulation would not be recoverable. To test this prediction, we stimulated at 10 Hz for 10 min and subsequently gave a test pulse every 5 s for the next 10 min to monitor whether or not the vesicle pool was recovering. Control larvae recovered very rapidly: within 10 s, responses were 92.2% ± 5.4% of the prestimulus EJP amplitude (n = 5; Figures 2A and 2B) . Interestingly, synj neuromuscular junctions could also recover, albeit at a substantially slower rate: after 10 min, they had attained 67.8% ± 6.8% of the prestimulus level (n = 6; Figures . In the absence of recycling, the releasable pool in shi was 49,900 ± 4,600 vesicles (n = 4), while in shi;synj it was 18,500 ± 2,200 (n = 4). covery was observed that could be fit with time constants of 9.6 s and 421 s. Thus, the recovery of the synaptic response implies the existence of a persisting endocytotic pathway, albeit one that is slow in the absence of synaptojanin or endophilin. Recovery cannot be due to recruitment from a reserve pool because there is no large reserve of vesicles in the mutant terminals. A predominantly kiss-and-run pathway cannot be reconciled with these observations because vesicles that had undergone kiss-and-run fusion should have been available for rerelease within seconds ( The persistence of normal rates of exocytosis at synj neuromuscular junctions despite the apparent depletion of vesicles seen by EM suggested that those vesicles remaining in the terminals were available for release. For an independent estimate of the number of vesicles available for exocytosis, we combined synj with the shibire ts1 (shi) mutation, a well-characterized temperature-sensitive allele of dynamin that blocks all synaptic endocytosis at the restrictive temperature (Koenig and Ikeda, 1989) . We recorded the postsynaptic responses of both shi and shi;synj mutants to 10 Hz stimulation at the restrictive temperature and determined the total quanta released as the vesicle pool was depleted ( Figures 2C and 2D ). While control shi larvae released w50,000 vesicles before depletion under our conditions, shi;synj mutants released only w18,000 vesicles. Thus, the depletion observed by EM (22% remaining; Figure 1 ) was comparable to that determined physiologically (36% remaining). Clearly, however, to maintain responses to 10 Hz stimulation, the remaining vesicles cannot be sequestered in a reserve pool or made inert by the persistence of a clathrin coat. This conclusion is consistent with the observation that they appear uncoated and remain clustered, probably in the vicinity of the release sites.
Changes in mEJP Amplitude after Tetanus
We noted that the amplitude of the mEJPs increased in synj mutants after the 10 Hz stimulation in Figure 2 . We therefore quantified mEJP amplitude before the tetanus ("pre" conditions), for 2 min immediately after the 10 min tetanus ("post" conditions), and again after 10 min of rest posttetanus ("post+10" conditions) in control, synj, and endo larvae (Figure 3) . The mEJP amplitude distribution in controls decreased slightly after the tetanus and partially recovered to a prestimulus distribution after 10 min ( Figures 3A and 3D ). This may be due to desensitization of the postsynaptic glutamate receptors or decreased filling of the synaptic vesicles with neurotransmitter but was not investigated further. In contrast, although the amplitude distribution of synj mEJPs was similar to that in controls before the stimulus, synj amplitudes were larger right after the stimulus and even larger after 10 min rest ( Figures 3B and 3E ). This change was chiefly due to the appearance of a subpopulation of particularly large mEJPs. The measured increase may be an underestimate if the processes that caused the decrease in amplitude at wildtype synapses are also occurring at these synapses. Regardless, the alterations in mEJP amplitude may be a correlate of the subpopulation of large vesicles seen by EM (Figure 1) , and, thus, while we cannot exclude a postsynaptic mechanism, the change in mEJPs is most likely to have arisen presynaptically. When endo mEJP amplitudes were measured in similar conditions, amplitude distributions actually became smaller after the tetanus (Figures 3C and 3F) . Thus, the pathway maintaining the uniformity of synaptic-vesicle size is compromised by the absence of synaptojanin or endophilin, particularly when endocytosis must be rapid. Because Control larval preparations ( Figure 4A ) could be loaded efficiently with a 10 min exposure to FM1-43 in 90 mM K + , 2 mM Ca 2+ followed by a 12 min wash in 5 mM K + , 0 mM Ca 2+ saline (Kuromi and Kidokoro, 1998). We were also able to load dye in synj, endo 1 , and endo ⌬4 terminals using this protocol ( Figures 4B, 4C , and 4H and data not shown). The degree of loading was greatly reduced, however, as expected from slowed endocytosis and the reduced number of vesicles observed by EM in mutant terminals, a number which was probably further reduced by the depolarizing conditions employed to load dye. Similar results were obtained by loading in 60 mM K + , 2 mM Ca 2+ (data not shown). That the dye loading in both wild-type and mutant larvae represented a releasable pool of synaptic vesicles rather than background staining or uptake into another compartment was confirmed by observing that dye could subsequently be unloaded by a further 5 min incubation in 90 mM K + , 2 mM Ca 2+ (Figures 4E-4G ). The specificity of the loading was also confirmed by the finding that dye was not loaded into control terminals in 5 mM K + saline provided that the nerve had been severed from the nerve cord to prevent the activation of the terminals by action potentials arising spontaneously in the nerve cord ( Figure 4D) .
We also could load FM1-43 by taking advantage of the presence of spontaneous electrical activity in preparations in which the nerve cord remained attached to the neuromuscular junction. These conditions, which more closely resemble physiological stimuli, were effective in loading dye even in mutant synapses. With , and were finally allowed to re-form synaptic vesicles for 15 min at 22°C in 5 mM K + , 2 mM Ca 2+ saline. FM1-43 was not loaded when larvae were treated similarly but the dye was removed before the 15 min recovery phase (Q). (T) Loading was quantified (n = 9 in shi, 11 in shi;synj, and 4 in shi controls).
Scale bar: 10 µm for (A)-(G), 8 µm for (I)-(O), and 2 µm for (Q)-(S). Images were acquired with identical settings within each experimental group: (A-G), (I-O), (Q-S). All mutant loading was above background (p < 0.05).
an intact nerve, in 2 mM Ca 2+ and 5 mM KCl, control terminals became brightly fluorescent after 10 min incubation in FM1-43; synj and endo terminals were also loaded, although again at a reduced level ( Figures 4I-4K and 4P ). The loaded terminals could then be unloaded of dye by 5 min stimulation in high K + ( Figures  4M-4O) . By contrast, loading did not occur in 5 mM KCl when the nerve was severed from the ventral nerve cord ( Figure 5L) . Similar results were obtained with the more hydrophobic dye FM1-84, using either this protocol or K + depolarization (data not shown). Thus, synapses lacking synaptojanin or endophilin are still competent to load and release lipophilic dyes.
The ability to load dye in synj and endo removes the basis for invoking a narrow, transient fusion pore that selectively excludes the dye but does not in and of itself require that the endocytosis be mediated by a classical pathway; some models of kiss-and-run endocytosis may be compatible with dye uptake and release (Aravanis et al., 2003a; Klingauf et al., 1998). The persistence of a classical endocytotic pathway, even in the absence of synaptojanin, could be tested, however, by depleting the terminals of synaptic vesicles and then determining if they were capable of re-forming. Terminals can be reversibly depleted of vesicles by manipulating the temperature-sensitive shi mutant, in which, at the restrictive temperature, clathrin-coated endocytotic vesicles can no longer be severed from the plasma membrane (Koenig and Ikeda, 1989) . When stimulated at the nonpermissive temperature, shi terminals loose all of their synaptic vesicles and contain some profiles, not at active zones, of membrane arrested in the process of endocytosis (Koenig and Ikeda, 1989) . By EM, we have determined that shi;synj double mutants are also depleted of vesicles by stimulation at nonpermissive temperatures (data not shown). We therefore examined dye loading in shi and shi;synj double mutants. If classical endocytosis were to occur, we reasoned that a double-mutant terminal could be depleted of synaptic vesicles at the nonpermissive temperature (as in Figure 2C ) and then loaded with dye upon restoration of dynamin function and release from endocytotic blockade at the permissive temperature. To test this possibility, we used a protocol in which high K + at 34°C was used to deplete the vesicle pool, and then re-formation of vesicles was assayed by incubating the larvae in 5 mM K + , 2 mM Ca 2+ at 22°C for 15 min in the presence of dye (Kuromi and Kidokoro, 1998). In this poststimulus loading phase, vesicles that had been trapped on the plasma membrane would re-form and incorporate dye. We could not assay shi;endo mutants because they did not survive to third-instar larval stages. However, both shi and shi;synj terminals were able to load dye under these conditions (Figures 4R-4T ). As expected, this loading was dependent on the presence of FM1-43 dye after the shi blockade was relieved ( Figure 4Q) . Thus, synaptic vesicles incorporated into the membrane because of a block in dynamin function were able to re-form into the vesicle pool once that block was removed; this depletion/re-formation experiment therefore provided direct evidence for a classical, dynamin-dependent endocytotic pathway that persisted in the absence of synaptojanin.
Stimulus Frequency Determines the Steady-State Amplitude of the EJP
As presented above, a slow endocytotic process can be demonstrated in synj and endo mutants. If this process accounts for the sustained release observed in Figure 2 , then the sustained phase would represent a steady state in which exocytotic and endocytotic rates are balanced. The level of transmission in such a steady state would not be fixed by the size of a specialized pool of kiss-and-run vesicles but rather would be dependent on the rate of stimulation. Thus, examining the dependency of sustained release on stimulus frequency could provide a critical test of our hypothesis that a slow process sustains transmission and could also serve to measure the rates of endocytosis at these synapses.
We therefore examined the responses of mutant and wild-type synapses to stimulation at different frequencies. In control larvae, upon stimulation at 1 Hz for 10 min, EJP amplitude declined slightly in the first 20 s of stimulation and thereafter was maintained at a nearly constant level that remained at 85.2% ± 7.8% of the initial amplitude (n = 4; Figure 5A ). synj and endo larvae had similar initial levels of depression, followed by a modest but steady decrease in amplitude to 67.8% ± 4.0% and 61.0% ± 2.8% of the starting EJP amplitude (n = 6 and 4; Figure 5A ). Thus, the synaptic-vesicle pool was maintained at near wild-type levels under prolonged low-frequency stimulation even in the absence of synaptojanin or endophilin function; at 1 Hz, mutant endocytotic rates were sufficient to counterbalance nearly wild-type rates of exocytosis.
We then compared the steady-state responses of synj and endo mutants to stimulation at 1, 5, 7, 10, and 20 Hz, either stimulating a given synapse for 5 min at one frequency ( Figure 5B Figure 5E . The amplitude of the steady state was dependent on the frequency of stimulation. Moreover, the decline was reversible. When a preparation was stimulated sequentially at 7 Hz, 20 Hz, and again at 7 Hz, the amplitude of the EJP recovered to a steady-state level characteristic of 7 Hz regardless of the intervening lower responses during 20 Hz stimulation. Thus, the steady state in which exocytosis and endocytosis are balanced is frequency dependent and reversible.
During these steady states, the number of available vesicles must be maintained despite their rapid turnover; the rate of replenishment by endocytosis consequently must equal the rate of exocytosis. Therefore, from the steady-state EJP amplitudes, we calculated the number of quanta that must be recycled per second to sustain the steady state in wild-type, synj, and endo terminals at 1, 5, 7, 10, and 20 Hz stimulation frequencies ( Figure 5F ). In wild-type synapses, the rate of endocytosis increased as the rate of stimulation increased, indicating that the endocytotic pathway is normally capable of sustaining endocytosis at rates of at least 360 vesicles/s, consistent with what others have measured (Delgado et al., 2000) . In contrast, in synj and endo preparations, endocytotic rates increased as stimulation increased from 1 to 5 Hz but were saturated by approximately 7 Hz stimulation. From 7 to 20 Hz, the mutant synapses consistently recycled approximately 80 vesicles/s at the steady state ( Figure 5F ). Thus the responses of synj and endo synapses to repetitive stimulation can be described as a consequence of a substantial slowing of the maximal rate of the classical pathway for endocytosis.
Discussion
Loss of Synaptojanin or Endophilin Impairs but Does Not Abolish the Classical Endocytotic Pathway
Our studies at the neuromuscular junction have uncovered a slow endocytotic pathway that persists in the absence of synaptojanin or endophilin function. From the evidence summarized below, we conclude that this pathway has the properties of a classical clathrin-and dynamin-mediated mechanism. Moreover, we find no evidence for a kiss-and-run mechanism and no need to invoke such a mechanism to explain the physiology of the mutant terminals.
As noted by others ( Under conditions of low activity (left panels), a functional synaptic-vesicle pool and an EJP with normal amplitude can be maintained in both wild-type and mutant terminals. High-frequency stimulation increases the rate of exocytosis (center and right panels), but, in wild-type terminals, endocytotic rates increase to maintain a functional vesicle pool of nearly prestimulus size. In synj or endo terminals, however, endocytosis rates cannot adequately increase. While exocytotic rates are greater than endocytotic (center panel), the releasable pool is depleted, and the amplitude of the EJP declines. A new steady state is reached once the depletion of this pool is sufficient to reduce the rate of exocytosis to a level that is equal to the endocytotic rate (right panels). The thickness of the arrows represents the rates (vesicles/s) at which vesicles are cycled between intracellular and plasmamembrane pools. rated into recycling vesicles during periods of stimulation and could be unloaded in a stimulation-dependent way (Figure 4) . Most notably, re-formation of synaptic vesicles by a classical pathway was directly demonstrated by FM1-43 loading into synaptic vesicles that had been trapped on the plasma membrane with the shibire mutant (Koenig and Ikeda, 1989) and then allowed to re-form. Thus, the recovery of the releasable pool is coupled to the endocytosis of membranes that had fused with the cell surface. Therefore, data from the recovery of EJP amplitudes, changes in mEJP amplitudes, and dye loading independently demonstrate the persistence of a slow, classical pathway for endocytosis in both synj and endo.
Modeling Exocytosis and Endocytosis in Mutant Terminals
We propose that endocytosis at the Drosophila neuromuscular junction is mediated by a single classical pathway and have presented evidence that the rate at which this pathway operates is slowed but not abolished by the loss of either synaptojanin or endophilin. A special pool of kiss-and-run synaptic vesicles is not invoked to explain the persistence of transmitter release in these mutants, even under prolonged high-frequency stimulation. Rather, the rate of vesicle release from synj and endo terminals reflects a steady-state relationship in which the rate of endocytosis balances that of exocytosis (Figure 6 ). Under conditions of low activity, wild-type and mutant terminals have comparable pools of readily releasable vesicles despite the overall reduction in vesicle numbers in synj and endo boutons. Mutant terminals therefore have EJP amplitudes comparable to those of controls. However, under conditions of high-frequency stimulation, a wild-type terminal can maintain a large synaptic-vesicle pool, while rates of endocytosis at mutant terminals are slower. Indeed, we have calculated ( Figure 5F ) that endocytosis in mutant neuromuscular junctions saturates at 80 vesicles/s. With high rates of exocytosis and insufficient compensatory rates of endocytosis, the available pool of synaptic vesicles declines, and, in consequence, the quantal content decreases until exocytosis is sufficiently reduced to produce a new steady state. In this steady state, the rate of exocytosis from the reduced pool matches its rate of restoration by endocytosis. This model explains the observation that the number of quanta released per stimulus during prolonged trains varies with the stimulus frequency: at higher frequencies, fewer vesicles per stimulus can be released without surpassing the limiting rate of vesicles per second that can be restored by endocytosis.
Does a Kiss-and-Run Mechanism Exist Alongside the Conventional Endocytotic Pathway?
The persistence of a slow, classical endocytotic pathway in both synj and endo synapses is sufficient to explain the ability of these terminals to sustain transmission. But might a kiss-and-run pathway be present in addition? The possibility of kiss-and-run is difficult to exclude by genetic means because there are no proteins known to be selectively required for this mechanism. However, one line of evidence strongly suggests that endocytosis proceeds entirely by the conventional pathway at the fly neuromuscular junction: sustained stimulation in shi mutants leads to a rapid and complete loss of transmission, in contrast to what is observed in synj and endo null mutants. Thus, dynamin is absolutely required for the maintenance of the vesicle pool. This protein is known to play an essential role in the fission step of clathrin-mediated endocytosis both at nerve terminals and in nonneuronal cells (De Camilli  et It is therefore likely that synaptojanin and endophilin in neurons have been superimposed upon a basic mechanism of constitutive endocytosis to accelerate the synaptic-vesicle cycle. In the absence of synaptojanin and endophilin, the core machinery of classical endocytosis has now been shown to remain functional at the synapse, permitting a slower vesicle cycle and with no evidence of or need to invoke kiss-and-run.
Experimental Procedures
Drosophila Stocks and Genetics
Briefly, the EGUF-hid screen was based on engineering heterozygous flies whose eyes were homozygous for a single EMS-mutagenized chromosome arm (Stowers and Schwarz, 1999) . We screened such flies for defects in photoreceptor synaptic transmission by behavioral and electrophysiological assays (phototaxis and electroretinogram, ERG). From 350,000 flies screened (corresponding to 87,500 chromosomes), 1,836 flies failed to phototax in the F 1 generation and were kept. From these, we established 72 mutant stocks with a defective ERG; 35 showed no response to light, while 37 stocks representing at least 11 complementation groups, including synj, lacked "on/off-transients" but retained the sustained component of the ERG.
Electrophysiology
Mutant larvae were separated from heterozygous siblings raised at 25°C (Loewen et al., 2001 ). Third-instar larvae were dissected in 0 Ca 2+ HL-3 and then bathed in modified HL-3 saline (in mM): NaCl 70, KCl 5, MgCl 2 10, NaHCO 3 10, CaCl 2 10, sucrose 115, trehelose 5, HEPES 5 (pH 7.2). Current-clamp recordings were performed on muscle 6 in abdominal segments A2 or A3 (Atwood et al., 1993) , and severed ventral nerves were stimulated with suction electrodes. Recording electrodes (10-20 M⍀) were filled with 3 M KCl. Data were analyzed only from recordings with resting potentials >60 mV (average resting potentials: control −64.5 ± 0.993 mV, synj −65.9 ± 1.08 mV, endo −68.3 ± 1.74 mV) that did not deviate by more than 10 mV during the protocol. Data sets were rejected in which the stimulated nerve did not function throughout the recording, as determined by abrupt drops in EJP amplitude. Data were collected using a Digidata and Axopatch 200B amplifier. pClamp 8 by Axon Instruments, Microsoft Excel, MatLab 7, and miniAnalysis by Synaptosoft were used for data analysis. Quantal content was determined by dividing the amplitude of the EJP by the average mini amplitude (before stimulation) and correcting for nonlinear summation (Martin, 1955) . The change in mEJP amplitude that accompanies high-frequency stimulation was not taken into account in the analysis of exocytotic and endocytotic rates because we could not determine how much of this change had occurred at any given point in the stimulation and because the effects were not large enough to substantially alter the calculated rates.
Electron Microscopy
Synapses at neuromuscular junctions on larval muscles 6 and 7 (Atwood et al., 1993) were analyzed from digital EM images of short series of 55 nm sections through individual varicosities from filleted larvae (either wild-type or synj; three larvae each). Data were compared between 14 varicosities from 3 synj LY /Df(2R)x58-7 larvae and 7 varicosities from 2 yw;FRT42D larvae. Values analyzed were
